I. INTRODUCTION
Magnetic tunnel junctions (MTJs) are spin-dependent tunneling devices that display a large magnetoresistance effect, 1 and are considered for use in hard disk read heads and magnetic random access memory. Essentially, a magnetic tunnel junction consists of two ferromagnetic electrodes, separated by a thin layer of an insulating material of less than 2 nm, which acts as a tunneling barrier. This barrier is usually made by oxidation of an ultrathin layer of aluminum. Since tunneling is an interface-sensitive process, 2 care must be taken that all the aluminum is converted to Al 2 O 3 but also that the bottom electrode is not oxidized. Both under-and overoxidation are detrimental to a proper operation of the junction and, therefore, the key to make high quality devices is controlling the creation of this insulating barrier layer.
Among a variety of oxidation methods, thermal oxidation and plasma oxidation are most commonly used to oxidize the aluminum. The use of an oxygen plasma accelerates the oxidation by several orders of magnitude. Thermal oxidation of 1 nm Al can take up to several hours or even days, 3 whereas an oxygen plasma completes the oxidation in the order of seconds or minutes. 4, 5 Considering the use in production lines, the high rate makes plasma oxidation preferable above thermal oxidation. However, apart from the difference in speed, the resulting junctions have different characteristics. For instance, thermally oxidized junctions have a lower resistance with respect to plasma oxidized junctions, which enhances the signal-to-noise ratio of a device. On the other hand, they also display lower magnetoresistance values, and hence a lower sensitivity than plasma oxidized junctions. For devices, one would like to have the best of both worlds, and therefore knowledge of the plasma as well as the oxidation process under these conditions is important in gaining control of the oxidation process.
Still little is known about the relation between plasma properties and the oxidation dynamics. Earlier (unpublished) measurements on plasma properties, like electron density and temperature and ion densities, did not give clear clues to the cause of the high oxidation speed of a plasma. Measurements by Kuiper et al. did not show a change in oxidation speed when a bias voltage was applied to the substrate, 5 suggesting that the most relevant particle is not charged. This points to atomic oxygen, internally excited O 2 , or ozone as possible major contributors to the plasma oxidation.
This letter reports measurements using two-photon absorption laser induced fluorescence (TALIF) on the ground state of atomic oxygen in order to detect both atomic oxygen and, via laser-dissociation, ozone at various plasma parameters in order to unravel their role and influence on the oxidation process. Real-time in situ differential ellipsometry 4 is used as a characterization tool for the oxidation dynamics.
II. EXPERIMENT
The plasma is created in a small stainless steel vacuum chamber (volumeϷ 10 dm 3 ), see Fig. 1 . The normal operating procedure is as follows: First, power is applied to the electrodes. After the chamber is sealed by closing all valves to the pumps, O 2 gas (purity 99.999%) is let into the chamber to a pressure of 10 Pa, after which no gas is flowing. The plasma ignites immediately. The Al electrode plate is grounded, the Al electrode ring is biased negatively between 300 and 1500 V dc. Below the Al ring a larger grounded ring shields the sample position from a direct line-of-sight to the Electronic mail: h.j.m.swagten@tue.nl Al ring-electrode. During standard operation a current of 7.5 mA at 670 V ͑Ϸ5 W͒ is dissipated in the plasma.
Laser induced fluorescence is a direct way to measure the density of a state of a particular atom (or molecule). 6 The atom is excited to a higher state using a laser with the wavelength that fits the transition. After excitation, the atom will radiatively decay, emitting light of a certain wavelength that can be detected. The intensity of this emitted light depends on the density of emitting atoms and the Einstein coefficient for the transition. The lowest excited state of atomic O that can be used for fluorescence is very high, on the order of 11 eV. Production and handling of photons of this energy are difficult since these photons are easily absorbed by air. Instead, two photons of half the energy are used. Since the cross section for two-photon absorption is much smaller than single-photon absorption, a high-power laser is needed. 7, 8 Ozone is detected in a scheme similar to that of ammonia 9 and of silane:
10 via laser dissociation of ozone (the dissociation energy is approximately 1 eV) hot O is produced, which is then subsequently measured via the two-photon absorption process. The contributions of O (from the plasma) and O 3 to a TALIF spectrum can be separated spectrally since the hot O that is created from ozone will result in a spectral line that is very broad due to Doppler broadening, whereas the relatively cold O atoms from the plasma will result in a thin spectral line.
The TALIF setup consists of a high power laser system of a pulsed Nd:YAG laser (20 Hz repetition rate), which pumps a tunable dye laser. The output pulses are frequency doubled and can be tuned around 225.58 nm ͑44 315.5 cm −1 ͒ with a pulse length of 8 ns. A power of 0.7 mJ per pulse is used, for which it was checked that no saturation takes place. The beam is focused ͑f = 300 mm͒ in the center of the plasma directly above the sample position. Perpendicular to the laser beam, the light coming from the center of the plasma is projected through a line filter ( c = 850 nm, ⌬ = 20 nm full width at half maximum) on a photomultiplier. The intensity of the transmitted laser beam is measured by a photodiode.
In this experiment, the transition of the 2p 4 3 P 2 ground state to 3p 3 P 2,0 was chosen, see Fig. 2(a) . The fluorescence wavelength is 845 nm. An experiment consists of a scan of the laser frequency around a frequency of interest, see Fig.   2 (b). Such a scan takes typically 30 min. The peak consists of two lines (J =2→ J = 0 and J =2→ J =2) but their separation is only 0.008 cm −1 (at 44 315 cm −1 ), which cannot be resolved by our setup.
All three lines from the ground state ͑J =2,1,0͒ have been found since the separations between them are 158 and 69 cm −1 , which can be easily resolved by the laser. The splitting of the top level has not been observed. More sensitive measurements may reveal this splitting as well but are not considered relevant for the determination of the oxygen density and temperature.
For various plasma parameters the TALIF intensity and width are measured: The plasma power, plasma pressure, and distance of the plasma to the sample region are varied around the standard values. Between measurements, the chamber is shortly pumped, to below 10 −3 Pa. Samples with aluminum layers are made by dc magnetron sputtering in a K. J. Lesker sputter chamber and in UHV transported to a dedicated oxidation chamber, on which a single-wavelength differential real-time ellipsometer 4,11 is mounted. The ellipsometer measures the amount of oxidized aluminum during the oxidation process with a resolution of fractions of a monolayer.
III. RESULTS AND DISCUSSION
First, it was checked that the laser does not dissociate oxygen molecules by measurements done with and without a plasma, both before and after a plasma was ignited. In Fig. 3 measurements are shown of (a) before a plasma was run, with only oxygen in the chamber, (b) in a plasma, and (c), (d) approximately 30 and 60 min after the plasma is turned off but with the gas still in the chamber. From Fig. 3(a) Figs. 3(c) and 3(d) , still a large peak is measured, from which we conclude that the ozone in our chamber has a very long lifetime-the decay time is in the order of hours.
The peaks in Figs (derived from Doppler broadening) is about 10000 K or 1 eV. We conclude that only ozone is detected and that the density of atomic oxygen is too low to be detectable in our measurement. In the following experiments the peak is fitted with a single Gaussian of which the area, the total fluorescence intensity, is proportional to the ozone density. The detection of O created from ozone occurs in the same laser pulse in which the molecule was dissociated, because between two laser pulses ͑0.05 s͒, enough collisions to thermalize the hot atom to the background gas temperature would have happened (typical collision time of O is 10 −5 s, about 5000 collisions between laser pulses). If we assume that the O 2 signal in Fig. 3(a) is just disappearing in the noise (i.e., less than Ϸ2% of the O 3 signal), the minimal amount of ozone present in the chamber can be determined from the
, resulting in an O 3 density that is larger than 10 17 m −3 . The following measurements are performed while the plasma is on. In between measurements the chamber was pumped down and refilled with oxygen in order remove the long-living ozone from the previous measurement.
Next, we varied the plasma power around the standard value of 5 W. The results are shown in Fig. 4 . The increase in power causes the intensity to increase, which indicates an increase in the density of the ozone in the plasma. This might be due to a higher production rate if more dissociations of O 2 and subsequent recombinations of O 2 + O take place. Remarkably, the width of the peak decreases, implying an unexpected decrease of the temperature of the measured atoms. In Fig. 5 the plasma pressure was varied while keeping the power constant at 5 W. With increasing pressure, both intensity and width decrease. The dependence of the TALIF intensity on plasma power and pressure can be accounted for by variations in the density of ozone. The change in "temperature," however, cannot be explained by variations in temperature of the ozone because they are probably smaller than the change of 5000 K that is observed. Neither can the observed behavior of the temperature be due to collisions of the O atom between dissociation and excitation, since during one laser pulse of 8 ns not many collisions occur (typical collision time of O is 10 −5 s). Therefore, only the internal energy of the ozone in the form of excited states can be of influence
where E O is the kinetic energy of the oxygen atom, E b,g is the binding energy of the ground state, and E i is the internal energy of the ozone molecule. The internal energy can be dependent on the plasma conditions. The decrease of the temperature as the pressure is increased is easily explained by an increased amount of quenching collisions of excited ozone. The decrease of the apparent "temperature" as the plasma power is increased, can be tentatively explained by an increase in the number of super-elastic collisions with electrons
in which the electron can increase its kinetic energy by taking internal energy from the ozone molecule. In order to link the above results to the dynamics of the oxidation process, a real-time differential ellipsometer is mounted on the oxidation chamber with which we can study oxidation dynamics. Basically, the ellipsometer signal is proportional to the amount of aluminum that is oxidized since the start of a measurement. For a more detailed description of this ellipsometer we refer to earlier publications. 4, 11 Typical MTJ-stacks of Ta͑3.5 nm͒ /Co͑4.0 nm͒ /Al͑2.0 nm͒ were grown on a Si(001) substrate with native oxide, and subsequently oxidized in the oxidation chamber. In Fig. 6(a) , a standard measurement is shown: at time t = 0, the plasma is started, and a very rapid initial oxidation is observed. The oxidation slows down as the oxide grows thicker, and after 200 s, practically all Al is converted to its oxide. 4 In Fig.  6(b) , the plasma is started, but after about 5 s the plasma power is turned off. It is clear that the oxidation stops within a few seconds. If the plasma is turned back on, the oxidation continues, and stops after the plasma is turned off again.
From the observation that the oxidation stops immediately after the power is turned off, combined with the fact that the decay time of ozone in our plasma is of the order of one hour, we conclude that ozone does not play a direct role in the oxidation process which is under investigation here. The presence of ozone is not important in the limiting step during oxidation. In combination with electrons or ions in the plasma, the ozone could still play a role. More investigations are being performed to understand this in more detail.
IV. CONCLUSIONS
From the measurements and discussion above, we first conclude that in our plasma it is not possible to measure atomic oxygen using TALIF. The O density is too low compared to the density of atomic oxygen that is created by photodissociation of ozone by the laser. We conclude that the rate of dissociation of ozone in this system is very low, resulting in a very long decay time in the order of one hour.
With respect to the oxidation of thin aluminum films, we conclude that ozone cannot have a direct influence in our setup. An indirect role, in combination with other particles like electrons or ions, is still possible. In order to obtain information on the density of atomic oxygen, other measurements are being performed.
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